An equation of state for carbon dioxide is developed here that yields high accuracy in P-V-T calculations over wide ranges of temperatures (216-423K) and pressures (to 310.3MPa). It is particularly accurate around the critical region due to the use of "nonanalytical" terms to model the critical isotherm. Thus it is suited to applications in supercritical states. The density calculation is reliable to within 0. 1-0.2 % outside the critical region, and to within 1 % near the critical point. The equation has also been tested for vapor pressure and enthalpy calculations (with deviations less than 0.06 %, and 2-5 J/g, respectively). Comparison with a number of existing equations of state shows that the present equation is more dependable.
Currently, carbon dioxide is extensively used in enhanced oil recovery, food industry, and refrigeration processes. It is daily transmitted by pipelines over broad geographical areas. The large-scale use of CO2has prompted more careful examination of existing methods of predicting its physical properties. For efficient process design and engineering calculations better and more accurate correlations of P-V-T and thermal properties are needed. Different processing needs (e.g. refrigeration, natural gas processing and beverage carbonation) put different emphases on the state conditions and properties of CO2required. The equation (IUPAC8)). There are a few caveats that must be noted in advance before developing such an equation. First, the bahavior of gases in the critical region is nonclassical, i.e. no analytic function exists that is able to follow the critical fluctuations. Secondly, the equation developed cannot be more accurate than the available experimental data. If the best available data are in error by (±)0.1%, the equation developed cannot exceed this accuracy. There is an extensive review of the experimental information up to 1976 in IUPAC. We list the sources of experimental data used in this work in Table 1 . They have been evaluated at the University of Oklahoma. These data were used in the development of the present equation of state. Our equation is a combination of an analytical part, similar to the form used by Bender, and a nonanalytical part, in the form of Wagner's6) functions :
where the reduced temperature and density are T'=T/TC9 p'=p/pc, AT=\-T <md Ap=l-l/p\ The parameters b2,b-3, à" à" à", and b8 are functions of temperature (see Table 2 ). The last three terms are the "nonanalytical" terms used to reproduce the critical isotherm. We note that the term "nonanalyticity" is used to denote the critical fluctuations exhibited by the scaled variables Ap and AT in the Table 3 for all three regions. In region I the accuracy of pressure calculation is within 0. 1 1 % (in average absolute deviations, or AAD), in region II, 0.1%, and in region III, 1%. For density calculations, the accuracy is 0.16% in region I, 0.9% in region II and 0.1% in region III. The predictive capabilities of Eq. (1) are noted in the remarkable agreement of calculated densities in the critical region (II), where physically a small change in pressure can cause vast changes in density. Without the Wagner functions, the best the remainder analytic equation can do is 2% in AAD(for 113 data points) together with a maximumdeviation of21%. With the Wagner corrections, the deviation is cut in half, with a maximumerror of only 5.3%. Also note that in the liquid region small changes in density can give rise to large pressure variations. Thus the density predictions (0.1% in error) are far superior to the pressure predictions (1%) in this region. Figure 3 gives the P-p diagram for nine isotherms. The lines are obtained from our equation while the points represent experimental data. Again we observe the close agreement with data over wide ranges of pressures and temperatures.
Equation (1) is particularly accurate in the critical region. Figure 4 shows the agreement with the data of Michels17) (O) and Wentorf19) (x) on the critical isotherm. Three other equations of state, i.e. Bender,3) Benedict-Webb-Rubin4) (BWR), and 12) are included for comparison. While Bender's and Martin-Hou's equations are fairly reliable, the present equation is more accurate. Our equation is able to follow the "flatness" of the P-p curve near the critical point. This is attributed to the Wagner terms.
Equation (1) Eq. (1) correction terms Region I (Gas) curve from the triple point to the critical point to a formula, log10(0.101325P)=(l-Z)/r)-10(^+jBT+CT2) (2) where P is in MPaand Tin Kelvin. 28%. This is extremely large and is attributed to the lack of sufficient nonanalytica corrections in the original equation. Figure 5 gives additional comparison of these two equations. Equation (1) is better for all six isotherms compared.
Equation (1) can be used to calculate the enthalpy of carbon dioxide. Figure 6 gives the pressureenthalpy diagram. Agreement with Vargaftik's18) compiled data is good. We have also made comparison with the data of Koppel and Smith11} and Din.5) Similar results are obtained. The average error is between 2-5J/g over wide ranges of pressures (to 60 MPa) and temperatures (243 K-413 K).
Other properties such as heat of vaporization, saturated vapor and liquid densities, entropy, and second virial coefficient are also calculated7) and compared with experimental data. All comparison H-H°f"' (dZ\ dp'
WhenEq. (1) where S is the entropy of the fluid and S°is the ideal gas-state entropy of the fluid at the system temperature and unit pressure. Equation (A-4) assumes that at unit pressure the gas is ideal. For a pure component existing at equilibrium in two phases at a given temperature and pressure, the thermodynamic variable defining equilibrium is the fugacity, which must be the same for both phases. The fugacity of a pure substrate is related to the equation of state by VOL 18 NO. 6 1985 ln/=(Zl)+ln(p#T)+ f dp' (Z-l)-p'
